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Abstract Low energy ground-based cosmic ray air shower experiments generally
have energy threshold in the range of a few tens to a few hundreds of TeV. The
shower observables are measured indirectly with an array of detectors. The atmo-
spheric absorption of low energy secondaries limits their detection frequencies at
the Earth’s surface. However, due to selection effects, a tiny fraction of low energy
showers, which are produced in the lower atmosphere can reach the observational
level. But, due to less information of shower observables, the reconstruction of
these showers are arduous. Hence, it is believed that direct measurements by ex-
periments aboard on satellites and balloon flights are more reliable at low energies.
Despite having very small efficiency (∼0.1%) at low energies, the large acceptance
(∼5m2sr) of GRAPES-3 experiment allows observing primary cosmic rays down
below to ∼1TeV and opens up the possibility to measure primary energy spec-
trum spanning from a few TeV to beyond cosmic ray knee (up to 1016 eV), cov-
ering five orders of magnitude. The GRAPES-3 energy threshold for primary pro-
tons through Monte Carlo simulations are calculated, which gives reasonably good
agreement with data. Furthermore, the total efficiencies and acceptance are also
calculated for protons primaries. The ability of GRAPES-3 experiment to cover
such a broader energy range may provide a unique handle to bridge the energy
spectrum between direct measurements at low energies and indirect measurements
at ultra-high energies.
Keywords Cosmic rays · GRAPES–3 · CORSIKA
1 Introduction
Energy spectrum and composition studies are the key objectives of any cosmic
ray (CR) experiment to understand its origin and acceleration mechanisms. Ma-
jority of the CRs are lighter elements such as proton (90%), helium (9%), and
the remaining (1%) are heavier elements including carbon, nitrogen, oxygen, alu-
minum, and iron. The primary cosmic rays (PCRs) have been observed over an
extraordinary energy range of 108–1020 eV, spanning twelve orders of magnitude.
The energy spectrum is represented by power law distribution with two promi-
nent features including the “knee” at about ∼3×1015 eV where the spectral index
changes from -2.7 to -3.1 and “ankle” at ∼3×1018 eV where the spectral index
again changes from -3.1 to -2.8. It is believed that these features are due to transi-
tion of CR sources from galactic to extragalactic origin. However, this still remains
an unsolved mystery.
Upon entering into Earth’s atmosphere, the PCR collides with atmospheric
gaseous molecules and produces secondary particles that includes pions, kaons,
etc. The charged pion decays into a muon and its associated neutrino where the
muon subsequently decays into an electron and two neutrinos. The neutral pion de-
cays into two γ-rays that further develop into an electromagnetic cascade through
bremsstrahlung and pair production processes. These chain of interactions are
continued until the particles are decayed or stopped as they propagate down to
observational level. The entire process of the development is called extensive air
shower (EAS) or cascade shower. At a particular stage, the shower development
reaches its maximum number of particles, which is known as shower maximum
and it can be represented by Xmax. The shower development is also character-
ized by a parameter called age (s) where s=0 corresponds to the first interaction,
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s=1 at the shower maximum, and s=2 represents the death of the shower. The
number of secondaries and their lateral spread in an EAS at the observational
level depends on PCR energies. For an ultra-high energy primary (>1018 eV), the
number of particles may reach in excess of billions spread over hundreds of square
kilometers. The EAS measurement technique is used to determine the information
by sampling the secondaries at the observational level in the particle detectors.
Typical air shower experiments consist of an array of detectors deployed over a
large area. The primary parameters are reconstructed by using the information
from the secondaries with aid of Monte Carlo simulations.
Direct measurements of PCRs are carried out by detectors aboard on balloons
or satellites. However, these instruments do not have enough sensitivity above
∼100TeV due to low flux of PCRs, short exposure time, and limited detector size.
Satellite based experiments such as PAMELA [1], AMS-02 [2], and DAMPE [3]
and balloon-borne experiments such as CAPRICE [4], BESS [5], and CREAM [6]
primarily use calorimeters for energy measurements and particle’s time of flight
(TOF) in the detector for measuring arrival directions of the primaries. The CRs
energy, composition, and arrival directionmeasurements done by balloon and satel-
lite based experiments are fairly precise. However, they lack statistics at higher
energies, which restrict their measurements to below ∼100TeV. The PCRs of en-
ergy above ∼100TeV are indirectly studied by using EAS technique with an array
of detectors placed on the ground level like ARGO-YBJ [7], Tibet ASγ [8] KAS-
CADE [9], KASCADE-Grande [10], AUGER [11], and TA [12]. However, these
experiments are sensitive at different energy ranges such that ARGO-YBJ and
Tibet ASγ which have operating energy from few a TeV to below the knee region
(∼1015 eV), KASCADE and KASCADE-Grande operated around knee region, and
experiments like AUGER and TA are mainly aimed to explore the origin of ultra
high energy cosmic rays so they are sensitive to much higher energies beyond knee
(∼1019 eV).
The energy threshold of an EAS experiment is decided by the inter-detector
separation whereas its total physical area covered by decides its upper energy end.
Generally, most of the low energy showers get absorbed in the atmosphere and do
not reach up to ground level. However, a small fraction of young low energy show-
ers, which are produced deep into the atmosphere may survive till ground level.
However, these showers have very low triggering efficiencies and recorded with
limited information, which makes their reconstruction difficult. Due to these low
efficiencies, the ground-based experiments generally make observations at higher
energies. So, historically it is believed that the direct measurements are more reli-
able at lower energies (below∼100TeV) whereas indirect measurements stay above
these energies. In such scenario, the contributions of experiments from ARGO-
YBJ, Tibet ASγ, and GRAPES-3 are vital if the low energy PCRs can be used
to provide in the extended energy range of TeV–PeV to bridge direct and indirect
measurements. The energy threshold of proton initiated EAS for GRAPES-3 is
estimated to be few TeV by using Monte Carlo simulations with reasonably good
agreement with data. From these simulations, the triggering and reconstruction
efficiencies, and geometrical acceptance are also estimated as a function of en-
ergy. It is found that only a small fraction (i.e. ∼0.1% of incident) of such low
energy showers are detected and reconstructed, which can be used for further
studies. Due to the larger physical area coverage, the geometrical acceptance of
GRAPES-3 is larger compared to direct measurements like PAMELA (20.5 cm2sr)
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Fig. 1: Schematic of GRAPES-3 air shower array shows placement of single-PMT
scintillators (N), double-PMT scintillators (N), and muon telescope modules ().
The area marked by dotted lines represents fiducial area under which the showers
are selected for analysis.
[13], AMS-02 (0.5m2sr) [14], DAMPE (0.1m2sr) [3], BESS (0.3m2sr) [5], and
CREAM (0.322m2sr) [15]. The GRAPES-3 acceptance is estimated to be ∼5m2sr
for 1TeV protons. Maximum efficiency has been achieved at >100TeV with the
acceptance of >20000m2sr. Though, the efficiencies are small at low energies but
due to immense flux of incident primaries, and larger acceptance, the GRAPES-3
records large number of usable low energy EAS that can provide energy spectrum
and mass composition of PCRs in the broad energy span to overlap with low and
ultra-high energy measurements from direct and indirect experiments respectively.
2 The GRAPES-3 experiment
The GRAPES-3, which stands for Gamma Ray Astronomy at PeV EnergieS
– phase 3 is a ground-based EAS experiment located at Ooty in southern In-
dia (11.4◦N, 76.7◦E, and 2200m above msl). It is designed to study high energy
particles in different astrophysical settings including acceleration in the atmo-
sphere during thunderstorms, solar phenomena, energy spectrum and composition
of PCRs, and diffuse γ-rays. It consists of two major detector components. One of
them comprises an array of 400 scintillator detectors covering a physical area of
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Fig. 2: A sample EAS (Event time: 20140829-00:11:55.3700155IST) recorded
at GRAPES-3 with 365 triggered detectors showing (a) TOF of particles in
the shower disc, and (b) lateral density profile of secondary particles. The
shower parameters are estimated to be θ=37.3◦, φ=61.3◦, Xc=22.3m, Yc=5.5m,
Ne=1.2×10
6, and s=1.4.
25000m2 [16]. The scintillator detectors with an area of 1m2 each are placed in a
hexagonal geometry with an inter-detector separation of 8m as shown in Fig-1. An
additional photomultiplier tube (PMT) is used in 105 plastic scintillation detectors
to overcome the PMT saturation problem due to large particle densities especially
when the shower core lands close to the detector. Thus, the two-PMT configu-
ration allows the extension of particle density measurements to over 10,000m−2
resulting precise estimation of shower size (Ne) for large EAS [17].
The second major component comprises a large area tracking muon telescope
(G3MT) [18]. The G3MT consists of 3712 proportional counters (PRCs) arranged
in 16 muon telescope modules with a total area of 560m2. The PRCs are made up
of mild steel tube of 600 cm in length and 10 cm×10 cm in cross-section with wall
thickness of 2.3mm. Each muon telescope module houses four layers of PRCs with
alternate layers arranged orthogonal to each other. The layers are sandwiched by
15 cm thick concrete blocks. Above the muon modules, 2m thick concrete blocks
are stacked in the form of an inverted pyramidal shape that serves as absorber. The
entire mass overburden of ∼550 g·cm−2 provides 1 sec(θ)GeV threshold for muons
incident at zenith angle θ. The four layer configuration allows the incident muons
to be reconstructed into 169 directions covering 2.3 sr in the sky with 4◦ accuracy.
The GRAPES-3 records∼3×106 EAS per day in the energy range of 1TeV–10PeV
and ∼4×109 muons above 1 GeV. The muon flux recorded by G3MT is mostly
produced by PCRs of energy 10GeV–10TeV. The recorded muon flux has been
successfully corrected for atmospheric effects and detector efficiency variations
that can be used to study long-term CR variation and transient phenomenon
[19,20]. The high quality data of G3MT allowed us to probe interesting physics
phenomenon such as measurement of 1.3GV electric potential in thunderclouds
[21] and discovery of a muon burst caused by a transient weakening of Earth’s
magnetic shield [22,23].
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3 EAS reconstruction
The GRAPES-3 experiment records the particle densities and their relative ar-
rival times in an EAS from all 400 plastic scintillation detectors by using high
precision electronics. The two-level trigger system is used to eliminate small but
locally developed showers and also very large showers whose cores are landed very
far away. An EAS trigger is generated on the basis of the following criteria: (i)
consecutive three-line coincidence in north-south oriented line of detectors, which
is called Level-0 and (ii) minimum 10 detector hits within the trigger region called
Level-1 [16]. The energy deposited by the EAS particles is measured by using
charge integrating analog-to-digital converter (ADC). The ADC information is
further converted into equivalent number of muons by using single muon calibra-
tion called as particle densities. The distribution of particle densities for an EAS is
shown in Fig-2. The relative arrival time of particles are measured by using a 32-
channel high performance time-to-digital converter (HPTDC) developed in-house
[24]. The arrival time distribution for the same EAS is shown in Fig-2. The true
direction of incident PCR is obtained by fitting the EAS front [25]. The observed
particle densities are fitted with a lateral density distribution function known as
Nishimura-Kamata-Greisen (NKG) [26] given by Eq-1 and through a minimiza-
tion of negative log-likelihood algorithm using MINUIT. Various EAS parameters
including the core location (Xc, Yc), shower size (Ne), and age (s) are obtained
from this fit [27].
ρ(ri) =
Ne
2pirM2
Γ (4.5− s)
Γ (s)Γ (4.5− 2s)
(
ri
rM
)
s−2 (
1 +
ri
rM
)
s−4.5
(1)
ri =
√
(Xc −Xi)2 + (Yc − Yi)2 (2)
Here ri is the distance of i
th detector from the shower core (Xc, Yc). rM is the
Molie`re radius (distance from the shower core within which 90% of the EAS energy
is deposited), rM=103m for the Ooty observational level.
4 Monte Carlo simulations
The EAS simulations are carried out using CORSIKA which is a widely used Monte
Carlo package for studying the development of EAS in the Earth’s atmosphere [28].
The CORSIKA allows the simulation of various primaries in the entire span of cos-
mic ray energy spectrum. It has been interfaced with several hadronic interaction
models such as EPOS-LHC [29], QGSJET01C [30], QGSJETII-04 [31], SIBYLL
[32], VENUS [33], DPMJET [34], and NEXUS [35] for high energy (calculation of
cross-sections above 80GeV) and GHEISHA [36], FLUKA [37], and UrQMD [38]
for low energy interactions. It carries out four dimensional simulations to study the
shower development including various hadronic and electromagnetic interactions,
and decays. The secondary particles are tracked down to the ground level until
they decay or till the kinetic energy is above the user-defined energy threshold.
The physical quantities like position, momentum, and arrival time of secondary
particles can be recorded up to maximum of ten desired observational levels. The
CORSIKA generated secondary particles can be converted into observables of an
experiment by using Geant4, which is a detector simulation toolkit developed by
Energy sensitivity of the GRAPES-3 EAS array for primary cosmic ray protons 7
No. of triggered detectors
10 210
N
or
m
al
iz
ed
 u
ni
ts
4−10
3−10
2−10
GRAPES-3 data
=1 TeV)
min
CORSIKA proton (E
=5 TeV)
min
CORSIKA proton (E
=10 TeV)   
min
CORSIKA proton (E
Fig. 3: Distribution of triggered detectors for GRAPES-3 EAS (solid line), and
Monte Carlo simulations (dotted lines). Showers are selected for cores within the
fiducial area as shown in Fig-1. All the distributions are normalized by integral
count for comparison.
CERN that allows studying response of various type of particles and interactions
in the material of any arbitrary geometry [39]. By this method the simulated data
is prepared, which can be directly compared with the experimental data.
In GRAPES-3, the simulations are performed in three stages: (i) CORSIKA
showers are simulated with a set of user-defined inputs, (ii) the simulated sec-
ondary particles from each shower are subjected to in-house simulation code to
do pseudo random arrival of EAS to generate triggers and also Geant4 response
of collected particles in each plastic scintillation detectors, and (iii) reconstruc-
tion of angle and NKG parameters using TOF and particle densities respectively.
The primary energy for simulation is randomly selected from a user-defined en-
ergy spectrum of Emin and Emax following a power-law with a spectral index of
-2.7. The CORSIKA simulated showers are randomly tossed into the fiducial area
(14560m2, i.e. 56% of total physical area) defined in the GRAPES-3 array shown
in Fig-1 to ensure maximum sampling of spatial distribution. Then the particles
which fall over 1m2 area of each scintillator are converted into particle density by
using pre-simulated Geant4 calibration. The Geant4 response of the plastic scin-
tillation detectors with full geometrical implementations are studied in-depth for
gamma, electron, muon, proton, neutron, and pion, that attribute to most of the
secondaries found at the detector level. Each of these particles is simulated for its
response on a wide range of energy and incident direction. The simulated response
of each type of particles is transformed into integral probability that is further
used to calculate the energy deposit for an incident particle with the inclusion of
Poisson fluctuations. Similarly, the single muon response is also simulated using
Geant4. Then the particle density of each scintillation detector is calculated by
using the energy deposited by the particles, which are passing through the sensi-
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tive area of the detector. Similarly, the first arrival time of the particles for each
detector is accounted as it is directly available in CORSIKA output. Each detector
should have a minimum energy deposit that can pass through discriminator level
to be treated as a triggered detector. The discriminator level used for scintillators
in the GRAPES-3 experiment is equivalent to 50% of energy deposit by single
muon response obtained from calibration. Subsequently, the logical EAS trigger
generation is done as discussed in previous section. The estimated particle density
and TOF are used to calculate the primary properties that may be used to assess
systematics of the measurements.
The simulation parameters can be optimized to reproduce the data. For ex-
ample, one such important observable is shown in Fig-3 contains distribution of
triggered detectors from EAS collected by the GRAPES-3. The triggered detectors
distribution for data is generated with ∼6.6×108 EAS collected during year 2014.
In order to reproduce this distribution, the Monte Carlo simulations are carried
out for proton primaries in the angular range of 0–45◦ and 0–360◦ for zenith (θ),
and azimuth (φ) angles respectively. For this study, SIBYLL and FLUKA com-
bination of hadronic interaction models are used. Electromagnetic processes are
treated by EGS code. The energy thresholds of secondaries are set to 50MeV,
10MeV, 1MeV, and 1MeV for hadrons, muons, electrons, and electromagnetic
components respectively. The secondary particles are tracked down to Ooty ob-
servational level. In Fig-3, the simulated distribution of triggered detectors for
different Emin and fixed Emax=3PeV generated with spectral index of -2.7 are
shown. Here, the distributions are normalized to integral count for comparison.
At first, the simulations are carried out for Emin=10TeV to obtain distribution
of triggered detectors. One can notice the simulated distribution for 10TeV–3PeV
has large discrepancy in most part of the distribution. At the peak position of the
data (i.e. ∼14 triggered detectors), the discrepancy with the simulation is found to
be ∼40%. The discrepancy increased to ∼90% at ∼100 detectors, reduced to ∼66%
at ∼200 detectors, and further dropped to ∼50% at ∼300 detectors and beyond.
Especially at smaller number of triggered detectors, the disagreement indicates the
triggering of low energy EAS. This could also be the cause of discrepancy found
at larger side due to relative abundance between low to high energy EAS which
are actually triggered. Motivated by this idea, the simulations are carried out
by reducing Emin systematically starting from 5TeV, 3TeV, and 1TeV. As the
simulation energy is lowered the disagreement, which is seen with Emin=10TeV
has reduced from ∼40% to ∼10% at data peak for Emin=1TeV. The discrepancies
at other regions are also reduced from ∼90% to ∼14% and from ∼66% to ∼4% at
∼100 and ∼200 triggered detectors respectively. Above ∼300 detectors, the spectra
of data and 1TeV simulation are indistinguishable. However, the statistical errors
in simulation are large compared to data due to smaller number of simulated
high energy EAS. Notably, the peak position of data and 1TeV simulation (i.e.
at ∼14 triggered detectors) are matching compared to 10TeV. Also, at the peak
of triggered detectors, there is no disagreement between data and simulation at
1TeV compared to ∼34% found for 10TeV. This confirms the detection of TeV
showers in GRAPES-3. The simulated distributions shown in Fig-3 are only for
Emin starting with 1TeV, 5TeV, and 10TeV for better visibility. The GRAPES-3
EAS are selected for shower cores within the fiducial area and zenith angle up to
45◦ as done for simulations.
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5 Calculation of efficiencies and acceptance
5.1 Trigger (εtri) and total efficiencies (εtot)
By using the optimized Emin=1TeV, the energy range of 1TeV–10PeV is used
to carry out detailed simulations for further studies. This energy range is divided
into 20 equal intervals in logarithmic scale (width of 0.2). All the remaining other
inputs are kept unchanged. The proton primaries are simulated and subjected
to trigger generation in each energy interval. The number of simulated showers
in each logarithmic interval is shown in Fig-1. It is to be noted that the simu-
lated showers are reused ten times by randomizing the shower core and secondary
particles locations to enhance the statistics. Due to large area and randomized
locations, reuse of showers help to boost the statistics unbiased.
The showers are divided into eight equal sec(θ) intervals (width of 0.05) up to
θ≤45◦ for further study of angular dependence. The fraction of triggered showers
over total incident is treated as the triggering efficiency (εtri) as shown in Fig-4 for
various sec(θ) intervals as a function of energy. As discussed in previous section,
the triggering efficiency is tiny (<0.1%) at low energies and increases to maxi-
mum beyond ∼100TeV. The inclined showers undergoes more interactions due to
increased grammage in the atmosphere as they propagate down to observational
level, which results in reduced particle densities and subsequently results lower
triggering efficiencies. Afterwards, the triggered showers are reconstructed with
NKG and the fit parameters are calculated. The number of usable showers further
drops by a small factor due to inefficiency in reconstruction. This reconstruction ef-
ficiency is combined with the trigger efficiency and quoted as total efficiency (εtot)
as shown in Fig-5 for proton initiated EAS as a function of energy and direction.
These efficiencies determine the amount of usable showers available for analysis.
Also, these inefficiencies have to be corrected in the flux calculations required for
composition studies.
5.2 Total acceptance (δtot)
The total efficiency (εtot) calculated by the above mentioned method is used to
determine the acceptance (δtot) viewed by GRAPES-3 in the sky. The acceptance
is defined by the field of view of the detector area with the inclusion of energy
dependent efficiency (Eq-3). The parameter εtot can be treated as a constant for
a set of given energy and zenith angle bin. This can be expressed as Eq-4 in-terms
of E and θ to include angular dependent efficiency.
δtot(E) =
∫
Ω
0
Aεtot(E, θ)cosθdΩ (3)
δtot(E) =
piA
2
n∑
k=1
εtot(E, θk)(cos2θk − cos2θk+1) (4)
where A = total fiducial area covered (14560m2), n = number of angular intervals,
θk and θk+1 = lower and upper edge of the angular interval, and E = median
energy in the logarithmic energy interval.
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Fig. 6: GRAPES-3 acceptance for proton initiated showers.
Eq-4 is evaluated for median value of every energy and lower, and upper limits
of angular intervals. Fig-6 shows the total acceptance for proton primaries mea-
sured by GRAPES-3. Also, the total acceptance values are shown in Table-1 that
varies from ∼5m2sr to ∼21000m2sr. Especially at low energies, the total accep-
tance is larger compared to direct measurements by satellites and balloon borne
experiments that are ≤0.5m2sr [3,5,13,14,15].
6 Discussions
Detailed Monte Carlo simulations are carried out by using CORSIKA, Geant4,
and in-house simulation framework to estimate the energy threshold, efficiencies,
and acceptance of proton initiated EAS for GRAPES-3. The initial simulations
are carried out to match the number of triggered detectors distribution obtained
from the data. The simulation energy range is optimized by systematically re-
ducing lower boundary of the energy range starting from Emin=10TeV, 5TeV,
3TeV, and 1TeV to Emax=3PeV. A reasonably good agreement with data can be
seen by simulations starting from 1TeV compared to 10TeV as shown in Fig-3,
which indicates the detection of TeV proton EAS by GRAPES-3. Further simu-
lations are carried out in the energy range of 1TeV–10PeV by equally dividing
the energy range into logarithmic intervals. Also, each energy bin is further di-
vided into sec(θ) angular intervals and their dependences are studied. As shown in
Fig-4, the trigger efficiency at 1TeV is <0.1% and reaching to 100% at ∼100TeV
for near vertical protons. The trigger efficiency decreases with increasing angle.
By combining this with NKG reconstruction, the total efficiency is estimated as
shown in Fig-5. Due to the limited information recorded, the inefficiency of NKG
reconstruction reduces the total efficiency by a small factor in most of the low en-
ergy regions. The efficiencies remain maximum at higher energies. The parameter
εtot gives the amount of usable EAS recorded by the GRAPES-3 in each energy
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Bin
Primary energy (TeV)
No. of
simulated
EAS
δtot
(m2sr)
Emin Emax Emed
1 1.00 1.58 1.26 5×107 4.72
2 1.58 2.51 1.99 3×107 28.10
3 2.51 3.98 3.16 2×107 117.72
4 3.98 6.31 5.01 1×107 383.11
5 6.31 10.00 7.94 5×106 1028.27
6 10.00 15.85 12.59 3×106 2380.22
7 15.85 25.12 19.95 2×106 4781.71
8 25.12 39.81 31.62 1×106 8331.12
9 39.81 63.10 50.12 5×105 12326.87
10 63.10 100.00 79.43 3×105 16139.69
11 100.00 158.49 125.89 2×105 18930.69
12 158.49 251.19 199.53 1×105 20632.75
13 251.19 398.11 316.23 5×104 21454.41
14 398.11 630.96 501.19 3×104 21793.33
15 630.96 1000.00 794.33 2×104 21843.11
16 1000.00 1584.89 1258.93 1×104 21741.89
17 1584.89 2511.89 1995.26 5×103 21656.99
18 2511.89 3981.07 3162.28 3×103 21576.61
19 3981.07 6309.57 5011.87 2×103 21504.99
20 6309.57 10000.00 7943.28 1×103 21403.82
Table 1: Total acceptance (δtot) of GRAPES-3 for proton initiated showers.
interval. However, at higher energies, the showers are successfully reconstructed
and εtri and εtot are unaffected. Because of the power-law nature of PCR energy
spectrum, majority of the incident PCR are low energy primaries (i.e. in the given
energy range of 1TeV–10PeV, almost ∼98% are below 10TeV). At low energies,
though the efficiencies are tiny, because of the large number of incident PCR, the
GRAPES-3 records most of the low energy primaries useful for physics analysis.
This can be quantified with the parameter δtot for a given experiment derived
by combining εtot, area, and solid angle as a function of energy. The geometrical
acceptance is estimated to be ∼5m2sr for protons of energy starting from 1TeV
and increasing to >20000m2sr above 100TeV as shown in Table-1. The minor
variations seen in the higher energy bins are an artifact of statistical fluctuations
due to smaller number of simulated protons. It is important to note that the geo-
metrical acceptance of GRAPES-3 has practical implications in measuring sizable
amount of low energy primaries. The large sensitive area (∼2% of total physi-
cal area 25000m2) of GRAPES-3 experiment allows to measure proton initiated
EAS energies as small as 1TeV. Especially, the acceptance of ∼5m2sr at lower
energy region is larger than direct measurements from balloon borne experiments
and space probes, which are not more than ∼0.5m2sr. This unique capability of
GRAPES-3 experiment has been exploited in one of the recent work where PCR
energy spectrum is reported to have fine features in the low energy region [40]. A
knee-like structure is observed at (45.4±0.3)TeV.
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7 Conclusions
The energy threshold of the GRAPES-3 EAS array for primary proton is estimated
to be ∼1TeV through Monte Carlo simulations with reasonably good agreement
with data. Further detailed simulations are carried out to estimate various effi-
ciencies as a function of energy and direction. These simulations are carried out in
the energy range of 1TeV–3PeV and zenith range of 0–45◦ by dividing into equal
intervals. The total efficiency is estimated to be ∼0.1% for 1TeV, and reaching
maximum at >100TeV. Though, the efficiency is tiny at low energies, the number
of usable primaries are large due to immense flux of low energy PCRs. Similarly,
the total acceptance of EAS array is estimated to be ∼5m2sr for 1TeV, and with a
maximum of ∼20000m2sr. The acceptance of ∼5m2sr at 1 TeV is large compared
to direct measurements. Thus, GRAPES-3’s measurements allow to overlap the
energy spectrum from direct measurements at low energies. Also, the extension of
energy measurements beyond knee by GRAPES-3 allows to overlap with indirect
measurements at ultra-high energies. Hence, the GRAPES-3 may provide a unique
handle to bridge the PCR energy spectrum from direct and indirect measurements.
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